The zebrafish, Danio rerio, has three types of pigment cells (melanophores, xanthophores and iridophores) and, in adult fish, these cells are organized into a stripe pattern. The mechanisms underlying formation of the stripe pattern are largely unknown. We report here the identification and characterization of a novel dominant zebrafish mutation, hagoromo (hag), which was generated by insertional mutagenesis using a pseudotyped retrovirus. The hag mutation caused disorganized stripe patterns. Two hag mutant alleles were isolated independently and proviruses were located within the fifth intron of a novel gene, which we named hag, encoding an F-box/WD40-repeat protein. 
Results and discussion
We have performed insertional mutagenesis in zebrafish, first in a pilot screen [2] and then in a large-scale screen [3] . Proviral integrations occur in the germ cells of fish injected with a pseudotyped retrovirus at the blastula stage and result in F 1 progeny that are heterozygous for one or more insertions [4, 5] . Among a large population of F 1 fish representing about 10,000 insertions, we found two fish, derived from independent founder fish, with branched, fused and dotted stripes (Figure 1b) . In order to test whether the stripe pattern anomalies were inheritable and whether they were caused by proviral insertions, each fish was crossed with wild-type fish and offspring were analyzed for the phenotype and the proviral DNA (Figure 1d ,e and see Supplementary material). These results indicated that, in both cases, the stripe pattern anomaly is caused by a single dominant mutation, which is tightly linked to the proviral insertion. Genomic DNA fragments flanking these proviruses were cloned by inverse PCR and screening a genomic library. DNA sequencing analysis of these clones revealed that the integration sites of two proviruses are located only 10 kb apart (Figure 3a) , suggesting strongly that these affect the same gene. Thus, we designated the mutant gene hagoromo (Japanese for 'dress for a goddess', hag) and these alleles hag hiD1 and hag hiD2 .
Fish homozygous for either of the hag mutations had no visible embryonic defects and adults were viable and fertile but had more severe stripe anomalies (Figure 1c,f) . In wild-type zebrafish larvae, melanophores are arranged into four lines (dorsal, lateral, ventral and under yolk) by day 5 after fertilization. This larval pigment pattern was not affected in the mutant fish (Figure 2a,d) . Then, in wild-type fish, around 3-4 weeks after fertilization, the adult pigment pattern, which is distinct from the larval pigment pattern, starts to form [6, 7] . First, a thick golden iridophore stripe is formed along the lateral line and, subsequently, black melanophore stripes are formed on both sides of the iridophore stripe (Figure 2b,c) . In the mutant fish, the defects were obvious at these stages; iridophores and melanophores were not organized into these early stripes (Figure 2e,f) . The cross section could conceivably reveal the failure of the formation of the iridophore layer under the skin, which could be a primary defect in the mutant (Figure 2g,h) . It was noted that, in mutant fish, the pigment pattern was affected more severely in the anterior part of the trunk than in the posterior trunk, head, and fins ( Figure 1c) .
Genomic DNA at the hag locus was analyzed by exon trapping and DNA sequencing, and an exon (exon 3) was identified. The full-length cDNA was then cloned from adult zebrafish RNA by 3′ RACE and 5′ RACE using nested primers in exon 3. The hag cDNA has the potential to encode a novel protein of 392 amino acids with the F-box/WD40-repeat motif. The first to sixth exons were mapped in ~52 kb of the genomic DNA sequence. Both proviruses were localized to the fifth intron of the hag gene and did not disrupt any exon sequence (Figure 3a) . F-box/WD40-repeat proteins are components of E3 ubiquitin ligases, SCFs, and recruit specific substrates, such as cell cycle regulators in yeast [8, 9] and phosphorylated IKBα and β-catenin in mammals [10] [11] [12] [13] , to the ubiquitindependent proteolytic system. The Hag protein may regulate a zebrafish developmental pathway by promoting degradation of an unidentified substrate. Using microsatellite (TA) repeats in the third intron, the hag gene was mapped close to z5395 [14] on LG13, excluding the possibility that hag is an allele of two other stripe pattern mutations mapped previously, leopard (LG1) [15] and jaguar (LG15) [16] . A recessive pigment mutation brass, causing amelanotic skin, has been mapped near this locus [15] . Genetic linkage analysis revealed that the distance between the hag hiD1 provirus and brass was about 5.3 cM, indicating that hag and brass are not allelic ( Figure 3c ). A hag cDNA probe containing the exons 2 and 3 hybridized to a single band on a genomic Southern blot (data not shown). At this level of analysis, therefore, hag is a single copy gene.
In wild-type zebrafish, the hag transcript was detectable at every developmental stage at low levels by northern hybridization ( Figure 4a ) and in every adult tissue examined by RT-PCR (Figure 4b) . Thus, the expression of the hag transcript is rather ubiquitous. Consistent with the ubiquitous expression, a whole-mount in situ hybridization of zebrafish embryos using a hag probe showed weak hybridization signals throughout the entire body (K.K. and M. Allende, unpublished observations). In hag homozygous fish, the hag transcript was also detectable, apparently at the same level as in wild-type fish, by both RT-PCR and northern hybridization (Figure 4c,e) . We performed RT-PCR extensively using primers located at many different sites of the gene, and tested whether there was a subtle difference in the mutant. We finally found that an RT-PCR product, which contained the fifth intron and the downstream exon sequences, was increased in both mutant alleles (Figure 4f ). Although it is not known whether the increased aberrant transcript is the cause for the mutation, this suggested that the proviral insertions could cause alteration in hag gene expression.
We cloned and mapped a mouse cDNA encoding a protein 54% identical to zebrafish Hag (Figure 3b,c) . The expression of the mouse hag homolog was also ubiquitous (Figure 4g ).This mouse gene has recently been reported to be the Dac gene [1] . The mouse Dactylaplasia (Dac) mutation is dominant and causes missing central digits in the fore-and hindlimbs of heterozygous mice and monodactyly in homozygous mice [17] . The exon-intron boundaries were conserved between the hag and Dac genes in the first six exons (Figure 3b) . The fgf8 and pax2 (pax2.1 in zebrafish) genes both map close to the zebrafish hag locus [18] and to the mouse Dac locus [19] . Thus, hag is an ortholog of Dac. The hag gene was mapped using a mapping panel as described previously [14] . No recombinant between hag and z5395 was found, indicating a genetic distance of <1.2 cM. An F1 male from a cross (hag hiD1/hiD1 × brass -/-) was backcrossed with a brass -/-female. Three and two recombinants out of 48 brass -/-and 47 brass +/-F2 progeny, respectively, were identified by PCR using viral primers.
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Figure 4
Northern blot and RT-PCR analyses of the hag transcripts. (a) Northern blot analysis of wildtype fish at different developmental stages. The numbers indicate days after fertilization. PC2, RNA was prepared from a zebrafish fibroblast cell line PC2. A ~1.8 kb band was detected. The RNAs were equally loaded (20 µg) as revealed by ethidium bromide staining. The signals were rather weak, as the exposure was carried out for a week with an intensifying screen. (b) RT-PCR analysis of different tissues of wild-type fish. 1, brain; 2, intestine; 3, heart; 4, liver; 5, mesonephros; 6, skeletal muscle; 7, ovary; 8, skin; 9, spleen. (c) Total RNA was prepared from whole (1,3) wild-type and (2,4) hag hiD1/hiD1 fish at the indicated ages. Northern hybridization was carried out as in (a). The results for hag hiD2 were essentially the same (data not shown). (d-f) RT-PCR analysis of hag mutants. In order to perform PCR quantitatively, the conditions were set so that the PCR products were amplified exponentially. 1, wild type; 2, hag hiD1/hiD1 ; 3, hag hiD2/hiD2 . (d) 20 cycles of PCR using EF1α primers. This is a control experiment to verify that an equal amount of cDNA was used in 1-3. The Dac mutations also are insertions in the noncoding region of the Dac gene (Figure 3a) . In the Dac 1J homozygote, a transcript of a normal size was detected at the same levels as in wild type and, in the Dac 2J homozygote, small amounts of the normal transcript and a long transcript (~9.5 kb) were detected [1] . Both hag and Dac are likely to be gain-of-function mutations but the analyses of transcripts in these mutants could not account for how those insertions caused the dominant mutations. A small perturbation of gene expression in some specific tissues, yet to be detected, could cause the mutant phenotype, or aberrant transcripts, such as was observed in the hag mutants and in Dac 2J , could synthesize aberrant forms of the protein, which could work in an antimorphic fashion. It has been reported that a mutant Xenopus F-box/WD40-repeat protein (β-TrCP) lacking the F-box domain can act in a dominantnegative fashion [20] . Construction of transgenic fish ectopically expressing truncated forms of the Hag protein is underway to test those hypotheses. Although the possibility cannot be excluded that another gene is encoded at these loci and is affected by the insertions, we and others [1] could not find such a gene. Further, the zebrafish genomic DNA of ~52 kb was sequenced and compared with the mouse genomic sequence by BLAST, and only three homologous sequences of ~50 bp apart from the exon sequences were found, one upstream of the first exon and two in the fifth intron. They did not have any features of a coding sequence (data not shown). The human Dac gene has been mapped to 10q24.3, the critical region for the split hand/split foot malformation (SHFM3, OMIM 600095) [21] . It will be important to know how the human locus is affected in this disease.
Although hag and Dac are orthologs, the mutant phenotypes are quite different. No pigmentation phenotype has been reported in the Dac mice, and we could not find any obvious defect in pectoral and pelvic fins in the hag fish, which are thought to be homologous to fore-and hindlimbs respectively. Note that Sordino et al. [22] have analyzed Hoxd-11 expression in fin and limb and considered autopods possibly as neomorphic structures in tetrapods. Our present study unveiled an unexpected relationship between stripe pattern formation in fish and digit formation in mouse. Molecular studies on the hag mutation and the Hag gene product should provide a clue to understanding of an important developmental pathway that controls the distinct morphogenetic events in these two vertebrates.
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Supplementary material including additional results and methodological details is available at http://current-biology.com/supmat/supmatin.htm.
